Although semen is the principal vector of human immunodeficiency virus (HIV) dissemination worldwide, the origin of the infected leukocytes and free viral particles in this body fluid remain elusive. Here we review the accumulated evidence of the genital origin of HIV in semen from therapy naive individuals and men receiving suppressive highly active antiretroviral therapy (HAART), summarize the data on the detection and localization of HIV/SIV within the male genital tract, discuss the potential involvement of each genital tissue as a source of infected cells and virions in semen in the absence and presence of HAART, and suggest further studies. Deciphering the exact sources of HIV in semen will be crucial to improving HIV transmission prevention strategies.
Semen is composed of cells and secretions arising from the male genital tract (MGT), which encompasses several exocrine organs and ducts ( Figure 1 ). Although semen represents the major vehicle of human immunodeficiency virus (HIV) transmission, the origins of infected leukocytes and virions in this body fluid remain unclear. HIV contaminates semen during the acute, chronic, and AIDS stages of infection. Importantly, HIV shedding persists in the semen of a subset of individuals receiving suppressive highly active antiretroviral therapy (HAART), indicating that the male genital tract may constitute a viral reservoir. Here we review evidence of a local origin of HIV in semen based on (1) the phylogenetic comparisons of HIV and simian immunodeficiency virus (SIV) strains in semen and blood; (2) the findings of HIV persistence in the semen of men receiving suppressive HAART; and (3) the detection/localization of HIV/SIV within MGT tissues. The potential contribution of each MGT tissue to semen contamination by HIV is finally discussed.
ORIGINS OF HIV IN SEMEN: CLUES FROM PHYLOGENETIC ANALYSES AND OBSERVATIONS IN MEN UNDER SUPPRESSIVE HAART

During Acute Stage
During the acute stage of infection, semen is very infectious and displays high level of HIV RNA (which correlates viremia), elevated HIV DNA detection rate in leukocytes, as well as leukocytospermia and inflammation markers [1] [2] [3] implicated in the recruitment of leukocytes. Viral strains in semen from primary infected individuals are usually genetically similar, if not identical, to strains in the blood (Table 1) , suggesting direct or recent import from the blood. SIV-infected leukocytes (mostly T lymphocytes) are detected as early as 2 weeks postinfection in the MGT of macaques and present in much greater number than during chronic stage [4, 5] . These infected cells most probably represent newly infiltrated leukocytes as memory T cells, the primary early targets for HIV/SIV, which massively proliferate and infiltrate mucosal tissues during acute infection. Indeed we showed that short-term HAART drastically decreases the dissemination of SIV to MGT tissues when initiated very early postinfection, whereas it has little impact on the established infection of MGT tissues during the chronic stage [5] . Viral strains in MGT tissues and blood of SIV-infected macaques are similar after 11 weeks of infection [6] , indicating that an evolution pattern distinct from blood strains had not emerged for virus in the MGT at this early time. Thus HIV in semen during the early stage of infection is likely to result from the passive diffusion of bloodborne virions and from the passage into the seminal lumen of infected cells that have just colonized the MGT organs.
During Chronic Stage
In chronically infected individuals, much lower seminal (and blood) viral loads are encountered than during the "stormy" acute stage and transmission rate is reduced. In addition to early studies showing poor correlation between blood and seminal viral load and phenotype [11] , the most compelling evidence for active viral replication within the MGT comes from the results of phylogenetic and population markers analyses (Table 1) . Thus genetic differences between virus strains present in blood and semen, indicating restricted virus gene flow and independent local virus replication, have been shown in over half (61.3%) of the 142 chronically infected men analyzed in 13 independent studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (Table 1) . This frequency was confirmed in the latest studies using single genome amplification (SGA) [21] [22] [23] [24] [25] , a method ensuring a more sensitive and accurate measure of HIV virus population diversity than in previous techniques [26] . Divergence of seminal strains compared to blood strains was shown to occur shortly after the acute stage of infection [25] . Both virions [15] [16] [17] [18] [20] [21] [22] [23] [24] [25] and cell-associated strains [12] [13] [14] 19] harbor distinct sequences from blood strains (Table 1) . Interestingly, viral DNA/RNA sequences in seminal cells do not match viral RNA sequences in seminal plasma (Table 1) . Although a bias may be introduced by the comparison Figure 1 . Localization and nature of infected cells within the MGT: HIV and SIV infected macrophages and T lymphocytes have been detected in the testis interstitial tissue and in the stroma of the epididymis, seminal vesicles, prostate and urethra. Infected leukocytes have also been detected within the epithelium of the epididymis, seminal vesicles and penile urethra (arrows indicate infected cells) [4, [7] [8] [9] [10] . In semen, HIV is present as cell-free virions and within macrophages and CD4 + T lymphocytes. Abbreviations: HIV, human immunodeficiency virus; I, testicular interstitium; MGT, male genital tract; SIV, simian immunodeficiency virus; ST, seminiferous tubules.
of viral RNA in fluid with viral DNA in cells, these results suggest distinct local origins for virions and infected leukocytes in semen. In line with this, detection of cell-free and cellassociated HIV RNA in semen are largely independent of one another [30] .
Importantly, Anderson et al [21] characterized 2 types of divergence between seminal and blood strains: clonal amplification and compartmentalization, both indicating independent replication in the MGT. Clonal amplification has been hypothesized to reflect the infiltration into the MGT of individual virions or infected cells coming from the blood, which upon their encounter with pockets of target cells within MGT tissues would generate local foci of infection, until the target cells are depleted. Compartmentalization would occur when local replication within resident target cells is sustained, leading to distinct viral evolution. The nature of the target cells encountered in the MGT (ie, macrophages vs T lymphocytes) might play a key role in the compartmentalization vs amplification outcome. Thus tissue macrophages, which have a longer life span than activated T lymphocytes and have been recently shown to proliferate [31] , may produce virus for extended duration. Anderson et al [21] also showed that, depending on the individuals, strains in semen may either arise from local sources within the MGT, from blood diffusion, or from both at a given time point. To investigate whether the differences between semen and blood virus strains are stable during the course of infection, a few studies used longitudinal samples. Although compartmentalization between blood and semen virus strains was consistently detected in 2 patients over several months [15, 18] , such constant compartmentalization was not observed in a study involving 11 patients and up to 11 time points [24] . Interestingly, intermittent HIV shedding in semen, reported in 25% to 44% of asymptomatic men [32] [33] [34] , was found to be associated with compartmentalization [15] . Therefore, the contribution of local sources to seminal shedding appears to be transient. This may reflect the well-known wide variability between ejaculates' composition within 1 individual or the existence of temporary triggers of viral excretion. It is likely that a complex interplay exists between the blood and tissue compartments, with seeding going both ways, as demonstrated for seminal and central nervous system strains [24, 35] .
Ping et al [16] investigated whether genital inflammation, which induces an increase in virus load in seminal plasma, could result in genetic instability in cell-free HIV populations. Analysis of 43 patients with urethritis and 14 controls showed that divergence between semen and blood occurred independent of the presence of urethritis. It would be interesting to analyze viral strains in semen a few months after the occurrence of sexually transmitted infections (STIs) to assess whether the influx of leukocytes in the MGT caused by genital inflammation could favor subsequent compartmentalization. As mentioned above, differences between semen and blood virus strains are observed in more than half of the chronically infected patients, meaning that HIV in the semen of those patients arises from MGT tissues. Virus strains divergent from blood strains were observed in MGT tissues from chronically infected HIV-positive patients [35, 36] and SIV-positive macaques [4] , indicating that compartmentalized virus in semen may arise from those tissues. The phylogenetic comparison of SIV in semen and MGT tissues of chronically infected macaques, currently being undertaken in our laboratory, should shed light on the tissue source(s) of seminal virus.
During Suppressive HAART
Observations in treated patients further evidence that HIV shedding in semen may arise from local sources within the MGT. Although HAART rapidly reduces blood and genital secretions' viral loads in a majority of patients, leading to undetectable levels after a few months [37] , a substantial subset of individuals receiving effective HAART continue to have detectable virions and infected cells in their semen for months to years after therapy initiation. This persistent seminal shedding may occur in the absence of detectable STIs, known to trigger local inflammation and favor HIV shedding in semen of untreated and treated men [30, 38, 39] . Thus, HIV RNA has been evidenced in the semen of 8% (range, 4%-48%) of 713 chronically infected men without STIs under suppressive HAART for over 6 months, as analyzed in 7 independent studies [37, [40] [41] [42] [43] [44] [45] (Table 2) . Although HAART in the infected partner has been shown to reduce sexual transmission at the population level, high levels of seminal shedding (ie, >1000 RNA copies/mL) can be observed in men receiving HAART [32, 37, [41] [42] [43] [44] [45] 54] , and cases of sexual transmission from men under suppressive HAART have been reported [57, 58] . Importantly, HIV shedding in semen despite HAART is frequently intermittent [32, 37, 41, 43, 44, 54] , a pattern shown to be associated with local production in semen from untreated men [15] . Indeed, viral strains in semen of persistent shedders have been reported to be distinct from blood strains [37] . In addition to viral RNA in the cell-free fraction of semen, infected leukocytes harboring HIV DNA and capable of productive infection have been detected in the semen of men with undetectable blood viral load under HAART [13, 30, 46-48, 55, 56, 59] ( Table 2) .
Persistent HIV shedding in semen does not correlate with suboptimal drug concentrations in semen nor to any specific drug regimen [37, 38, 43, 44] (Table 2) . However, it is important to bear in mind that high drug concentrations in semen do not indicate that effective levels are reached within all MGT tissues. The only factors described to correlate with persistent release of HIV RNA in the semen of men under HAART are high seminal viral load before treatment initiation [37] , which may contribute to elevated seeding of infected cells and virus into MGT tissues, and T-cell activation in semen [53] , which may reflect the inflammatory status of MGT tissues. Together these data suggest that viral production may continue within MGT organs despite suppressive HAART, either because of incomplete penetration of antiretroviral drugs in those tissues and/or because of the infection of long-lived cells.
HIV/SIV INFECTION OF MALE GENITAL ORGANS IN MEN AND MACAQUES
The Testis
The testis has unique immune features [summarized in [60] ]. Macrophages are relatively abundant in the testicular interstitial tissue of humans and macaques [4, 7, 60, 61] , although in much lower number than in other MGT tissues [4, [7] [8] [9] . In the rat, most testicular macrophages have immunosuppressive properties, whereas a small subset of recently arrived macrophages presents an inflammatory phenotype [62] . Whether human testicular macrophages display similar features remains to be confirmed, as there are significant inter-species differences. In human, reactive/infiltrating MAC387 + (S100 calcium binding protein A9) testicular macrophages express HIV receptors CD4, CCR5, and CXCR4 as well as DC-SIGN [7] . A few CD4 + T cells are also present in the human testis interstitium [7, 61] .
To investigate the susceptibility of the human testis to HIV infection, we developed an organotypic culture of this organ [61] and revealed that the human testis is infected by human immunodeficiency virus type 1 (HIV-1) ex vivo and produces low levels of infectious viral particles [7] . The main virusproducing cells in this culture model are the interstitial macrophages [7] . The analysis of the in vivo infection of the testis in cynomolgus macaques infected by SIV confirmed the low level of productive infection of the testis during the chronic stage and revealed that this infection occurs early postinfection [4] . SIV-infected lymphomononuclear cells are observed in the testis interstitium, a finding in agreement with observations in asymptomatic HIV-positive men [18, 63] and in juvenile pigtail macaques [64] . The spermatogenesis and testicular morphology of chronically infected macaques and humans appear normal [4, 63] . SIV/HIV infection of the testes in asymptomatic individuals does not seem to trigger an inflammatory or innate responses, as shown by the absence of immune cell infiltrates [4, 63] and unchanged proinflammatory cytokines and antiviral interferon expression [4, 63] (and unpublished results). The low and contained nature of HIV/SIV infection within a few testicular leukocytes may explain the absence of immune response within the testis immunosuppressive environment [65, 66] . The detection of SIV RNA in isolated testicular germ cells from humans and macaques [4, 63, 64] indicates the existence of interactions between HIV and the gametes (eg, binding and possibly entry). HIV was shown to bind to spermatozoa in vitro but cannot enter these cells [3, 67] . Whether the detection of HIV DNA in spermatozoa from HIV-positive men reported by some authors [3, 68] results from clonal infection of the testicular germ cells is currently under study.
The Epididymis and the Accessory Glands
In uninfected men and macaques, the epididymis, the seminal vesicles and the prostate naturally encompass resident macrophages, and to a lesser extent CD4 + T lymphocytes, the latter primarily located in the stroma [4, 8, 9, 60] , whereas CD8 + T lymphocytes are mostly found in the epithelium. Macrophages are present within both the epithelium and stroma of the epididymis and seminal vesicles [4, 8, 60] , whereas they are detected exclusively in the stroma of the prostate of men and macaques [4, 9] . In normal conditions, the abundance of macrophages and Abbreviations: ABC, abacavir; APV, amprenavir; ATV, atazanavir; AZT, zidovudine; CA, cell-associated; CF, cell-free; ddI, didanosine; D4T, stavudine; DDC, zalcitabine; EFV, efavirenz; FTC, emtricitabine; FPV, fosamprenavir; HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus; HU, hydroxyurea; IDV, indinavir; LPV, lopinavir; MVC, maraviroc; NFV, nelfinavir; NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NS, not specified; PI, protease inhibitor; r, ritonavir; RAL, raltegravir; SQV, saquinavir; STI, sexually transmitted infection; 3TC, lamivudine; TDF, tenofovir. a After 6 months MVC intensification HIV seminal shedding stopped.
T lymphocytes is not significantly different between the 3 organs [4, 60] . However, the prostate is frequently inflammatory (eg, in case of benign prostate hyperplasia [BPH] or STIs) and often displays immune infiltrates mostly composed of activated memory CD4 + T lymphocytes [9] .
We demonstrated the productive infection of normal seminal vesicles and BPH prostate by HIV-1 R5 strains ex vivo [8, 9] . In the seminal vesicles, infected cells are primarily resident macrophages expressing HIV receptors CD4 and CCR5 and often located bordering the epithelium. In the prostate, infected T lymphocytes and macrophages are mainly detected within the stroma. X4 strain replication is restricted in both seminal vesicle and prostate explants [8, 9] . Whether this restriction is linked to culture conditions or happens in vivo is unknown. Such selective replication in MGT tissues may reflect the predominant detection of R5 over X4 strains reported in semen [8, 9] . We and others confirmed and extended these findings using a macaque model. Thus productive infection of macrophages and T lymphocytes occurs in the seminal vesicles, prostate, and epididymis of macaques infected by SIV during the acute and chronic stage of the infection [4, 64] , whereas the Cowper glands are not infected (unpublished), in line with the paucity of target cells in this tissue [60] . No major differences in infected cell number and viral RNA/DNA levels are observed among these organs in therapy naive animals [4, 5, 10] . In the prostate, infected immune cells localize almost exclusively in the stroma [4, 5] . In contrast, in the epididymis and seminal vesicles, infected leukocytes are encountered in close proximity or within the epithelium, in addition to the stroma [4, 5] . HIV infection of the epididymis, seminal vesicle, and prostate in asymptomatic chronically infected macaques, as well as in AIDS deceased men and macaques, is associated with immune cell infiltrates [4, 69, 70] , composed mostly in asymptomatic animals of activated T helper and cytotoxic lymphocytes [4] . Increased levels of several proinflammatory and chemo-attractant cytokines are measured in the epididymis and accessory glands of chronically infected macaques ( [4] and unpublished results). Elevated cytokines in semen from men with HIV infection suggest they could be involved in immune defense of the MGT.
The Urethra
Abundant T lymphocytes, mostly CD8 + , are found in the epithelium and lamina propria of the human and macaque penile urethra [10, 71, 72] . CD4 + T cells, in majority with a naive phenotype, are primarily restricted to the lamina propria [71] . Resident macrophages are present in both the epithelium and stroma [10, 71, 72] . The number of macrophages and T lymphocytes in the urethra of macaques is much superior to that in the epididymis, accessory glands, and testis [10] . The infection of the penile urethra by HIV has been studied as a potential entry gate for the virus [71, 73] . Resident macrophages, located both within the stroma and the epithelium, are preferentially targeted following exposure of polarized explants of urethral tissues to HIV-1 R5 infected PBMCs [71] . Unpolarized urethral explants are productively infected by cell free HIV-1 R5 but not X4 strains [73] . In chronically infected macaques, the urethra is the MGT tissue displaying the highest level of infection [10] .
CONTRIBUTION OF MGT TISSUES TO HIV-INFECTED LEUKOCYTES AND VIRIONS IN SEMEN AND THEIR POTENTIAL AS VIRAL RESERVOIRS
The testis appears unlikely to be a major contributor of infected cells and virions in semen because of (1) the exclusively interstitial localization of the infected leukocytes, which are kept away from the seminiferous tubules lumen by the blood testis barrier; and (2) the very restricted level of infection of this organ in comparison with other MGT tissues and lymphoid organs [4, [7] [8] [9] . However, a small contribution of the testis to semen contamination by HIV cannot be ruled out through the migration of infected testicular leukocytes into the seminal lumen across the leaky rete testis epithelium ( Figure 1 ) and/or the diffusion/transcytosis of virions through Sertoli cells. The testis is generally considered a pharmacological sanctuary because of the blood testis barrier restricting drug access to the seminiferous tubules and of the expression of several drug efflux pumps (ABC-transporters, notably the ones involved in the efflux of HIV inhibitors), by a wide range of testicular cell types, including cells present in the interstitium where HIV-infected cells are located [74] . The concentrations of antiretrovirals (ARVs) in rodents' testes are significantly reduced compared to blood, in part because of drug efflux by the ABC-transporter P-glycoprotein [75] [76] [77] [78] . Whether the human testis constitutes a sanctuary where HIV can keep replicating due to poor drug access is unknown. However, our results in macaques indicate that although ARVs achieve low concentrations in this organ compared with other tissues, SIV RNA level in the testis appears efficiently decreased by 4 months of HAART [10] , arguing against the testis as a viral sanctuary.
In contrast, the epididymis may represent an important source of infected leukocytes in semen, as suggested by the fact that vasectomy is generally associated with reduced seminal leukocytes number [79] and by the detection of HIV/SIV infected leukocytes located close to the seminal lumen [4, 80] . Nevertheless, it is clear that in some instance (eg, prostatitis, urethritis), HIV-infected seminal leukocytes arise distal to the vas deferens [79] . Study of a cohort of vasectomized HIV-positive men without STIs and displaying viral compartmentalization in semen (to avoid the bias of studying individuals in whom seminal HIV arise mostly from the blood rather than from local production) would help determine whether the epididymis is a significant source of HIV-infected leukocytes in semen. In any case, the epididymis does not seem to significantly contribute virions in semen, as vasectomy does not have a major impact on seminal HIV RNA levels [81] . This is in line with the sharp contrast that can be observed between relatively low levels of seminal leukocytes and high viral loads in semen, indicating that leukocytes in semen are not the main source of free virus [11] .
Anatomic sampling of genital fluids (eg, collection of urethral fluid and prostatic secretions) suggests that distal genitourinary sources other than the prostate and epididymis are the main sources of HIV RNA in semen [82] . The seminal vesicles, which produce 60% of the seminal fluid and harbour infected cells bordering its secretory epithelium [4, 5, 8] might represent a significant contributor of seminal virions. The role of this gland in seminal HIV shedding has been largely ignored and could be tested using split ejaculates from HIV-positive men with evidence of viral replication within the MGT.
Several studies support a role for the urethra as a source of HIV in semen: both HIV RNA and DNA are detected in the preejaculatory fluid produced by the Littré glands [80] and urethral swab contains significant amount of HIV RNA [82] . The elevated level of SIV infection of the urethra compared to other MGT organs [10] and the high number of macrophages located in its epithelium, suggest a substantial role for this tissue in the seeding of semen with infected leukocytes and virions.
Whether the epididymis, accessory glands, or excurent ducts constitute viral reservoirs responsible for the release of HIV in semen in the face of suppressive HAART is unknown. Prostate massage was reported to induce the release of HIV RNA in the semen of men receiving HAART for over 3 months [83] . To verify that the prostate is a tissue reservoir, the measurement of HIV RNA in prostatic secretions (rather than whole semen) from men under long-term HAART would be necessary. Of note is that therapeutic levels of ARVs have been found in the prostate and seminal vesicle fractions using split ejaculates, indirectly suggesting good drug access to these organs [84] .
Aside from suboptimal drug concentrations, persistent viral production in tissues can be due to the long life span and renewal capacity of infected cells. Tissue macrophages are usually long lived, with significant differences in their life span depending on the organs they reside in. Differentiated resident macrophages from various tissues have recently been shown to self-renew [31] , further emphasizing their potential role as long-term viral reservoirs. We and others reported the infection of resident macrophages in several MGT tissues [4, 7-9, 64, 71] . Interestingly, important interdonor susceptibility to HIV infection has been shown for monocyte-derived macrophages. The occurrence or not of HIV in semen from treated men might be linked to different susceptibilities to infection of tissue resident macrophage populations. In addition to macrophages, memory T lymphocytes, which constitute the best-characterized cellular reservoirs for HIV, are present at various levels of the MGT and may be reactivated by inflammatory triggers to produce virus. To investigate whether the MGT may constitute a viral reservoir, we have analysed the level of infection and antiretroviral drug penetration in semen and MGT tissues of SIV-infected macaques receiving HAART for 4 months [10] . Our results point at urethral macrophages as the main source of virus within the MGT of treated animals, whereas productive infection of other MGT organs is massively decreased by HAART.
CONCLUSION
There is clear indirect evidence of a local origin of HIV-infected cells and virions in the semen of a substantial number of infected men, which may affect even greater numbers than suspected due to the transient nature of the seminal shedding. Taken together, the data collected indicate that several MGT organs may efficiently seed virions and/or infected cells to semen. Further studies are now needed to decipher the exact tissue sources and excretion triggers responsible for semen contamination in individuals displaying seminal viral strains distinct from blood strains. In this respect, the use of the macaque model, which has the unique advantage of allowing access to both semen and MGT organs and was recently validated as relevant to the physiopathology of HIV infection in the MGT [2, 4, 5] , is highly pertinent, together with studies focusing on men with evidence of compartmentalized viral strains in semen.
Notes
Financial support. This work is supported by Inserm, ANRS, Fond de Dotation Pierre Bergé, and Sidaction. LH is the recipient of a stipend from the Fond Dotation Pierre Bergé. GM is the recipient of a stipend from ANRS.
Potential conflicts of interest. All authors: No reported conflicts.
